Abstract Excessive ethanol consumption alters the neuroimmune system and particularly impacts the cytokine milieu of the CNS. Cytokine dysregulation has been shown to underlie addictive-like behaviors including alcohol abuse; however, many studies focus primarily on the proinflammatory cytokine profile during alcohol dependence. The current study furthers this research by determining the impact of excessive ethanol consumption on interleukin-10 (IL-10) and interleukin-4 (IL-4) activity in a model of non-dependent binge consumption called the Bdrinking in the dark^(DID) paradigm. Furthermore, the ability of IL-10 to modulate ethanol consumption was t e s t e d u s i n g s i t e -d i r e c t e d p h a r m a c o l o g y . Immunohistochemistry analyses determined that ethanol decreased IL-10 by 50 % in the basolateral amygdala (BLA) but had no effect on IL-4. Neither IL-10 nor IL-4, however, were altered in the central amygdala (CEA). Enzyme linked immunosorbent assays confirmed that IL-10 was decreased in the amygdala but not in the serum, suggesting changes of this cytokine with the DID paradigm are restricted to the central nervous system. Finally, bilateral infusions of IL-10 into the BLA, but not CeA, reduced binge-like drinking and corresponding blood ethanol concentrations without impacting either locomotor activity or anxiety-like behavioral correlates. Together, these data support the idea that alcohol abuse dysregulates specific anti-inflammatory cytokines; however, ameliorating alcohol-induced effects on cytokines, like IL-10, may prove to be an effective therapy in curbing excessive consumption.
Introduction
The link between the neuroimmune system and alcohol use disorders (AUDs) generally focus on the implications of neuroinflammation on alcohol-induced brain damage; however, not all individuals with an AUD have neuronal damage. Moreover, AUDs are a continuum of maladaptive behaviors, including episodic binge-drinking without signs of alcohol dependence, therefore elucidating the impact of binge drinking on the neuroimmune system is imperative. Binge-drinking is a pattern of consumption that results in blood ethanol concentrations (BECS) that exceed the legal limit of 80 mg/dL (NIAAA 2004) . This can occur after 4-5 drinks in a two hour window. Although repeated bouts of binge drinking can result in neuroplastic changes that contribute to the development of alcohol use disorders (AUDs) (Der-Avakian and Markou 2012), research also indicates that the neurobiological changes that occur during acute intoxication as a result of binge drinking not only mimic those of chronic abuse but may also inherently alter ethanol consumption (Sprow and Thiele 2012) . Understanding the neurobiochemical responses from binge ethanol consumption may lead to the development of novel therapeutics that could curb excessive drinking and prevent many of the detrimental issues that occur following the motorimpairment and general disinhibition caused by ethanol. The Bdrinking in the dark^(DID) paradigm is a model of bingelike drinking that is well-suited to understand the biological phenomena that occur after binge drinking prior to dependence (Rhodes et al. 2005; Thiele and Navarro 2014) . While there are a plethora of neuroplastic events that occur as a result of the promiscuity of ethanol, this study focuses on the implications of alcohol-induced alterations to the neuroimmune system, specifically two cytokines with significant anti-inflammatory properties, interleukin-10 (IL-10) and interleukin-4 (IL-4).
Both clinical and preclinical studies concur that excessive ethanol consumption disrupts normal neuroimmune function, but these studies were conducted in dependent animals or after a lifetime of alcohol abuse in individuals suffering from an AUD (Crews and Vetreno 2014; He and Crews 2008; Marshall et al. 2013; Zou and Crews 2012) . Although these studies all indicate increased neuroimmune function induced by ethanol, there were slight differences in the extent of the response depending on the duration of ethanol exposure. Determining the neuroimmune response following bingelike drinking in the absence of dependence will tease apart the acute contributions of binge ethanol consumption on neuroimmune responses from those associated with neurodegeneration or other comorbidities of ethanol misuse. Recently, it has been shown that binge-like ethanol consumption during the DID paradigm is sufficient to elicit an increase in IL-1β in the amygdala indicating that even acute excessive ethanol consumption can cause dysregulation of the neuroimmune system (Marshall et al. 2016a ). However, the influence of alcohol on anti-inflammatory cytokines, like IL-10 and IL-4, have yet to be explored. Determining the impact of ethanol on both aspects of the neuroimmune response provides a better viewpoint from which to understand the neuroimmune system as a potential target for AUD therapy.
Not only does excessive ethanol consumption cause changes to the neuroimmune system, but manipulating the neuroimmune response alters ethanol consumption (Blednov et al. 2014; Blednov et al. 2012) . Recently, it was determined that modulation of IL-1 signaling within the amygdala curbs binge-like drinking (Marshall et al. 2016a ). This study seeks to determine if that effect was unique to IL-1 signaling or if other cytokines also modulate ethanol consumption. Given the lack of significant alcohol mediated effects on IL-4, the experiments herein focused on whether IL-10 administration modulates binge-like ethanol consumption. IL-10 treatments have previously been implicated in ameliorating pain, depressive and anxiety-like behaviors, as well as neurodegeneration (Kwilasz et al. 2015) , all of which are thought to be underlying comorbidities associated with the progression of an AUD (Goldstein et al. 2012) . Given the link between IL-10 and behaviors associated with alcoholism, we hypothesized that IL-10 signaling in the amygdala also modulates binge-like drinking. The current experiments tests these hypotheses by determining: a) the effects of binge-like drinking on IL-10 and IL-4 immunoreactivity b) IL-10 concentration in the serum and amygdala via enzyme linked immunosorbent assay (ELISA) as well as c) the effects of sitedirected IL-10 administration on ethanol consumption.
Methods

Animals
Male C57BL /6 J (6-8 weeks) mice were obtained from Jackson Laboratories (Bar Harbor, ME). Mice were housed individually in an AALAC accredited vivarium maintained at 22°C with a reversed 12:12 h light:dark cycle. Mice had ad libitum access to either Prolab® RMH 3000 (Purina LabDiet®; St. Louis, MO) or Teklad Diet® 2920X (Harlan Laboratories Inc.; Indianapolis, IN) and water, unless otherwise stated (Marshall et al. 2015) . Prior to any experimental procedures, animals were allotted at least a week to fully acclimate to the environment. The procedures used in this study were all approved by the University of North Carolina Institutional Animal Care and Use Committee and followed the Guidelines for the Care and Use of Laboratory Animals (NRC 2011).
BDrinking in the Dark^Procedures
Binge drinking was modeled using a 4 day DID paradigm exactly as previously described (Marshall et al. 2015; Rhodes et al. 2005) . Three hours into the dark cycle, home cage water bottles were removed and replaced with a single sipper tube container. The sipper tube bottles were filled with 20 % (v/v) ethanol, 3 % (w/v) sucrose, or tap water. On the first three days mice were allotted two hour access to the sipper tubes, but on the fourth day, also called the test day, the total consumption (g/kg) was measured over two or four hours depending on the experimental design. Each 4-day period of access or cycle, was separated by three days for mice undergoing multiple cycles of DID.
Tail blood samples (≈60 μL) were taken immediately following the DID procedure to determine BECs for animals used in the consummatory and IHC studies; whereas, trunk bloods were collected for animals used in the ELISA study. Serum was obtained by centrifugation of blood samples collected. Each sample was run in duplicate on the AM1 Alcohol Analyzer (Analox, London, UK) and averaged for BEC determination (mg/dL).
Immunohistochemistry
Mice used for immunohistochemical (IHC) analysis underwent one or three, 4-day cycles of DID receiving either ethanol or sucrose or 3 cycles with water (Ethanol n = 9/ subgroup; Sucrose n = 9-10/subgroup; H2O n = 9). To collect brains for IHC procedures, mice were overdosed with a 0.15 mL intraperitoneal (i.p.) injection of an anesthetic cocktail of ketamine and xylazine (66.67 mg/mL; 6.67 mg/ mL;0.9 % saline) immediately following the last DID cycle. Animals were then perfused transcardially using 0.1 M phosphate buffer saline (PBS; pH = 7.4) and 4 % paraformaldehyde in PBS (pH = 7.4). After extraction, brains were postfixed in 4 % paraformaldehyde for 24 h before being sliced coronally on a vibratome (Leica VT1000S; Wetzlar, Germany) to obtain 40 μm sections. Sections were collected in a 1:4 series and stored in cryopreserve at −4°C until further processing.
Every fourth section collected was used for IL-10 or IL-4 immunoreactivity detection. Adjacent sections have previously been analyzed for IL-1β (Marshall et al. 2016a) . Briefly, sections were rinsed in 0.1 M PBS before endogenous peroxidases were quenched with 0.6 % H 2 O 2 . After serial PBS washes, antigen retrieval was performed using citrate buffer (10 mM citric acid; 0.05 % Tween 20; pH = 6.0) at 65°C for 1 h. A series of washes was followed by thirty minutes in goat block (PBS/0.1 % triton-X/3 % serum; Vector Labs; Burlingame, CA) to reduce background staining. Sections were then incubated in rabbit IL-10 (1:1000; R&D Systems; Minneapolis, MN) or goat IL-4 (1:2000; LifeSpan BioSciences; Seattle, WA) primary antibody for 48 h at 4°C. After serial washes in an appropriate block to remove the primary, a complex was formed with the antigen by incubation in biotinylated rabbit anti-goat or goat anti-rabbit secondary antibody (Vector Labs) for IL-10 and IL-4 IHC, respectively. Following secondary incubation, the signal was amplified using avidin-biotin-peroxidase complex (ABC elite kit, Vector Labs) and the chromagen, 3,3′-diaminobenzidine tetrahydrochloride (Polysciences; Warrington, PA). Sections were then mounted onto glass slides and coverslipped using SHUR/Mount™ (Triangle Biomedical Sciences; Durham, NC).
Images of slides were taken at 100× magnification using a Zeiss Axio Zoom V16 microscope (Jena, Germany) installed on an HP Z820 Workstation. Slide images were coded during quantification to avoid any experimenter biases. The basolateral amygdala (BLA) and the central nucleus of the amygdala (CeA) were separately traced on sections imaged between Bregma −0.70 mm and −2.06 mm (Paxinos and Franklin 2004) . IL-10 or IL-4 immunoreactivity was measured using the Zeiss Zen Pro 2012 analysis program.
Enzyme Linked ImmunoSorbent Assay
A separate cohort of animals were used for the ELISA experiments, but similar to the mice used for IHC, mice were subjected to 1 or 3 DID cycles of 20 % ethanol (n = 20) or 3 % sucrose (n = 20) or water (n = 10) to assess IL-10. Immediately following the last cycle of the DID mice were euthanized by rapid decapitation, and brains were immediately snap frozen by immersion in clear frozen section compound on dry ice. Bilateral punches of tissue (1 mm × 1 mm cylindrical punch) were taken from the amygdala (Bregma −0.70 mm) and manually homogenized by pipetting in 100 μl of lysis buffer [320 mM sucrose, 1 % SDS, 5 mM HEPES buffer, and 1 % Halt 100× Protease/Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, Rockford, IL)]. Animals were paired according to BEC (Ethanol group) or average consumption (water and sucrose group) to pool homogenates and serum samples to obtain a sufficient sample for duplicate runs of ELISA and BCA analyses. A BCA Protein Assay Kit (Thermo Fisher Scientific) was run to determine the total protein in each sample. IL-10 content was determined with an ELISA kit using the methodology described by the manufacturer (R&D Systems; product #M1000B). Absorbance was measured at 450 nm with a wavelength correction at 540 nm with Gen5 data analysis software on an Epoch Microplate Spectrophotometer (BioTek, Winooski, VT). Cytokine concentrations are reported as pg of IL-10/mg of protein.
Surgeries & IL-10 Administration
Animals used to manipulate IL-10 signaling were subjected to one cycle of the 4-day DID with 20 % ethanol procedure prior to surgery. For cannulae placement surgery, animals were given i.p. injections (1.5 mL/kg) of an anesthetizing cocktail of xylazine (10 mg/kg) and ketamine (100 mg/kg). Using an Angle II™ Stereotax (Leica Instruments, Buffalo Grove, IL), bilateral guide cannulae (Plastics One; Roanoke, VA) were lowered into the BLA (n = 10; AP:-1.22, ML:±3.01, DV: −4.75) (Paxinos and Franklin 2004) . Mice were allowed to recover for a week before undergoing cycles of the DID paradigm. A 100 ng dose of murine IL-10 (PeproTech, Rocky Hill, NJ) was chosen based on its neurobiological or behavioral effects in other rodent models (Bluthe et al. 1999; Liesz et al. 2009 ). Using a 2 × 2 Latin-square Design, 100 ng or 0 ng dose of IL-10 dissolved in a 0.9 % saline was administered 30 min prior to access to either alcohol or sucrose. Infusions occurred at a rate of 0.15 μL/min for two minutes using a Hamilton syringe (Reno, NV) attached to a Harvard Apparatus PHD 2000 infusion pump (Holliston, MS). After infusion, injectors remained in guide cannulae for an additional 3 min for diffusion before access to alcohol or sucrose on the test day. To determine the specificity of the results observed with IL-10 BLA administration, a separate group of animals were cannulated in the CeA (n = 11; AP:-1.06, ML:±2.50, DV: −4.64) and administered 100 ng or 0 ng of IL-10 in a Latin-square design and subjected to the DID paradigm. At the conclusion of all behavioral analyses injection placements were histologically verified using a volume of Alcian blue dye (0.3 μL/injection site) identical to that used with IL-10.
Open Field Tests & Elevated Plus Maze
A separate cohort of mice (n = 10) were used to determine if IL-10 administration in the BLA had an effect on locomotor activity or anxiety-like behaviors using an open-field test (OFT), as previously described (Cox et al. 2013; Prut and Belzung 2003) . Briefly, animals were administered 100 ng of IL-10 or saline into the BLA and subjected to open-field locomotor activity tests in an open-field arena identical to previous descriptions (Fee et al. 2004) . Animal movement was tracked using the VersaMax® software program (AccuScan Instruments, Inc., Columbus, OH) over a two hour period with five minute bin outputs. Total distance traveled was measured to assess the effect of IL-Ra on locomotor activity; whereas, center distance and center time were recorded to determine the anxiolytic effects of IL-10 (Prut and Belzung 2003) .
The elevated plus maze test, a common tool used to measure anxiety-like behavior, was used to further explore the impact of IL-10 on behavior (Walf and Frye 2007) . The same cohort of mice used in the OFT were placed at the intersection of the elevated plus maze (Med Associates Inc., St. Albans, VT) following administration of 100 ng of IL-10 or saline in the BLA. The total time spent in the open arena within the five minute test was recorded. Increased time within the open arm is associated with an anxiolytic-like behavior (Walf and Frye 2007) . Both behavioral tasks were performed three hours into the dark cycle to coincide with the DID procedures and reduce the impact of circadian rhythm differences on locomotor activity.
Statistical Analysis
Prism Version 6.07 (GraphPad Software, Inc. La Jolla, Ca) was used to analyze and graph all data reported herein. Oneway analyses of variance (ANOVAs) were used to assess the effects of ethanol and sucrose consumption on IL-10 or IL-4 immunoreactivity. However, for all other analyses a two-way ANOVA was used to determine the effect of treatment. Bonferroni post-hoc tests or t-tests were only conducted if a significant interaction or main effect of treatment was observed. All data are reported as the mean ± standard error of the mean and considered significant if p < 0.05, two-tailed.
Results
Binge-like Ethanol Consumption Decreased IL-10 but not IL-4 Immunoreactivity T-tests indicated no significant differences following 1 or 3 DID cycles in either ethanol consumption [t (17) = 0.02, p = 0.98] or BECs [t (17) = 1.57, p = 0.14] (Table 1; Immunohistochemistry). Photomicrographs indicated both IL-10 and IL-4 immunoreactivity were present in the amygdala of all treatment groups (Figs. 1, 2) . Binge-like ethanol drinking resulted in decreased IL-10 immunoreactivity compared with the water drinking control group in the BLA (Fig. 1a) . A one-way ANOVA revealed a main effect of group for mice drinking ethanol relative to those drinking water [F (2,25) = 3.89, p = 0.034] but sucrose consumption did not alter IL-10 immunoreactivity relative to controls [F (2,25) = 0.11, p = 0.90] (Fig. 1a, b) . Post-hoc Bonferroni tests indicated a significant decrease in IL-10 immunoreactivity in mice that experienced 3 DID ethanol cycles compared with water drinking mice (p < 0.05). In the CeA, a one-way ANOVA did not reveal any statistically significant differences in IL-10 immunoreactivity between groups drinking ethanol versus water [F (2,25) = 0.15, p = 0.86] or those drinking sucrose versus water [F (2,25) = 0.11, p = 0.90] (Fig. 1e, f) . In regards to IL-4, one-way ANOVAs indicated that neither ethanol or sucrose had a significant effects within the BLA ( (Fig. 2) .
Binge-like Ethanol Consumption Decreased IL-10 Protein within the Amygdala in ELISA Assay
Similar to IHC, t-tests indicated no significant differences in consumption (t (18) = 0.84, p = 0.41) or BECs (t (18) = 0.34, p = 0.74) between animals that had 1 or 3 cycles of DID (Table 1 ; ELISA). Ethanol exposure resulted in decreased IL-10 protein in the amygdala when compared with the water drinking control group according to a one-way ANOVA [F (2,12) = 3.96, p = 0.048] (Fig. 3a) . Post-hoc Bonferroni analysis indicated that IL-10 protein concentrations after 3 cycles of ethanol exposure were significantly lower than the water control group. However, no detectable differences were seen in IL-10 protein between the water and sucrose groups [F (2,12) = 3.11, p = 0.09] (Fig. 3b) . Using the serum as an assessment of the peripheral system cytokine concentrations, one-way ANOVAs indicated no difference in IL-10 protein following various cycles of ethanol [F (2,12) = 0.86, p = 0.45] or sucrose [F (2,12) = 2.60, p = 0.12] consumption compared to the water control group (Fig. 3c, d ).
IL-10 Administration in the BLA Reduced Binge-like Ethanol Consumption
With respect to the BLA, a two-way repeated-measures (RM) ANOVA (drug x order of drug presentation) on ethanol consumption indicated a main effect of IL-10 treatment [F (1,8) (Fig. 4b) . The effects of administration of IL-10 in the BLA were specific to ethanol consumption as a two-way RM ANOVA of sucrose consumption among the groups did not indicate any significant effect of treatment (Fig. 4c) . Moreover the effect of IL-10 administration was specific to the BLA, as two-way ANOVAs indicated no interaction or main effects of either IL-10 administration in the CeA or order of presentation for either consumption [F (1,9) = 3.74, p = 0.09; F (1,9) = 0.05, p = 0.82; F (1,9) = 0.29, p = 0.60] or BECs [F (1,9) = 0.38, p = 0.55; F (1,9) = 2.57, p = 0.14; F (1,9) = 0.05, p = 0.83], respectively (Figs. 4d, e) .
IL-10 Infusion into the BLA Had no Effects on Open-Field Test or Elevated Plus Maze
Locomotor activity in the OFT was not different between mice that received 100 ng of IL-10 into the BLA compared with those that were administered saline. Two-way RM ANOVAs only indicated a significant main effect of time [F (23,184) (Fig. 5a ) or distance Fig. 1 Ethanol induced a decrease in IL-10 immunoreactivity within the BLA after 3 cycles compared with the water control a; however, no statistically significant differences were seen within the CeA between water and ethanol drinking groups e. Further, no statistically significant differences were evident between water and sucrose drinking groups in either the BLA b or CeA f. Representative photomicrographs of the BLA of mice exposed to water c, 3 sucrose DID cycles d, 1 ethanol DID cycle g, and 3 ethanol DID cycles h are shown. The scale bar =20 μm g. All data are presented as mean ± SEM. *p < 0.05 compared to water group Fig. 2 Ethanol had no effect on IL-4 immunoreactivity within the BLA a or CeA e between the water control groups and either ethanol drinking cohorts. Further, no statistically significant differences were evident between water and sucrose drinking groups in either the BLA b or CeA f. Representative photomicrographs of the BLA of mice exposed to water c, 3 sucrose DID cycles d, 1 ethanol DID cycle g, and 3 ethanol DID cycles h are shown. The scale bar =20 μm g. All data are presented as mean ± SEM. *p < 0.05 compared to water group Fig. 3 ELISAs revealed that three cycles of ethanol DID induced a decrease in IL-10 protein in the amygdala a but DID cycles of sucrose did not significantly alter IL-10 protein compared with water controls b. In the serum, no differences in IL-10 protein content were seen between animals given water compared to various cycles of ethanol c or sucrose d. All data are presented as mean ± SEM. *p < 0.05 compared to water group traveled in center (Fig. 5b) 
Discussion
The current study builds upon a growing body of literature that implicates the neuroimmune system in ethanol consumption. Specifically, this report highlights IL-10, but not IL-4, as a factor in binge-like ethanol consumption. The data herein provides evidence that: a) binge-like ethanol consumption decreased IL-10 protein in the amygdala without altering peripheral concentrations, b) the decrease in anti-inflammatory cytokines appears to be specific to IL-10 and centralized in the BLA, and c) administration of IL-10 into the BLA reduces binge-like ethanol consumption. Collectively, these studies suggest that alcohol-induced decreases of IL-10 signaling in the BLA may modulate excessive ethanol consumption which can be ameliorated by IL-10 administration.
Increased pro-inflammatory chemokines and cytokines have been observed in the parenchyma of post-mortem alcoholics as well as serum samples from individuals with a history of alcohol misuse (Gonzalez-Quintela et al. 1999; He and Crews 2008) . Changes in cytokines have even been proposed as a biomarker for alcoholism (Achur et al. 2010) . Various preclinical models of alcohol-induced neurodegeneration concur with the observation in humans showing increased TNF-α and IL-1β but also suggest that the neuroimmune response is contingent upon the extent of alcohol exposure (Marshall et al. 2013; McClain et al. 2011; Qin and Crews 2012; Qin et al. 2008) . Recent evidence shows that even short-term binge-like ethanol drinking stemming from the DID model can cause persistent upregulation of pro-inflammatory cytokines (Marshall et al. 2016a) , but the present study specifically looks at the impact of alcohol on an anti-inflammatory state. The data herein concurs with our previous finding showing that short-term binge-like ethanol drinking influences the neuroimmune system, specifically eliciting a decrease in the anti-inflammatory cytokine IL-10 but not IL-4. A decrease in anti-inflammatory molecules was expected as an increase in proinflammatory cytokines often coincides with a decline of anti-inflammatory cytokines and neurotrophic factors in other neuropathologies and in alcohol models (Patterson 2015; Qin et al. 2008; Schiepers et al. 2005) . The specificity in which IL-10 but not IL-4 was dysregulated may seem superficially odd Fig. 4 Effects of site-directed infusion of IL-10 on consumption and BECs. IL-10 infusion into the BLA significantly reduced ethanol consumption a during the DID session resulting in BECs b below 80 mg/dL that were significantly lower compared with saline treatment. However, IL-10 administration into the BLA did not alter sucrose consumption c. No significant effect of CeA infusion of IL-10 was observed in either consummatory data d or in BECs e. Approximate injection sites are shown f. Black circles represent cannulae placement within the BLA while grey circles represent those in the CeA. All data are presented as mean ± SEM. *p < 0.05 compared to the saline group since they are both primarily anti-inflammatory cytokines. However, it is important to denote that although the terms Bpro^and Banti-inflammatory are often considered distinct, the role of cytokines are somewhat nuanced making understanding their function within the context of a pathology critical (Cavaillon 2001; Steinman 2008) . In the peripheral system, evidence suggest that IL-10 suppresses the proinflammatory response more than IL-4 (Hart et al. 1995; Morita et al. 2001) , but the literature comparing IL-10 and IL-4 within the CNS is sparse. The impact of ethanol on cytokines deserves further consideration, but these data suggest that ethanol may only dysregulated discrete immunomodulatory molecules, specifically IL-10 shown herein.
ELISA data confirmed that IL-10 was decreased following ethanol exposure in the amygdala and indicates that the alcohol-induced diminished IL-10 is constrained to the CNS as no differences were determined in the blood sample. Moreover, IHC analyses suggest that the focal point of IL-10 immunoreactivity depression was the BLA and not the CeA. Whether IL-10 immunoreactivity depression persists in abstinence is still to be determined, but other AUD models suggest that this effect is transient as protracted alcohol abstinence results in upregulation of IL-10 (Marshall et al. 2013; Schunck et al. 2015; Suryanarayanan et al. 2016) . Most importantly, this data indicates that excessive ethanol consumption elicits a neuroimmune response independent of, and prior to, peripheral immune system dysregulation observed in clinical studies of alcoholics (McClain and Cohen 1989; Nikou et al. 2016; O'Halloran et al. 2016) . Peripheral immune reactions combined with the neuroimmune response are hypothesized as a mechanism of alcohol-induced brain damage (Crews and Vetreno 2014) , but these data suggest that neuroimmune dysregulation occurs without peripheral influences (Marshall et al. 2016b; Marshall et al. 2013) . The fact that only the CNS cytokines are impacted supports the idea that cytokine responses stemming from acute binge-like ethanol drinking are involved with signaling rather than neurodegeneration (Crews and Vetreno 2014; Marshall et al. 2016a ). This distinction parses apart the impact of the IL-10 on mediating brain damage following chronic exposure, which has not been observed in the DID model, from its role in neurotransmission.
Considering the fact that IL-10 receptors are expressed on neurons (Lim et al. 2013; Sharma et al. 2011 ) and central IL-10 administration is known to modulate behavior (Barak et al. 2002; Bluthe et al. 1999; Lim et al. 2013; Perkeybile et al. 2009 ), direct manipulation of IL-10 receptor signaling, using central murine IL-10 administration, was used to determine the impact of this cytokine on ethanol consumption. Peripheral administration of immunomodulatory drugs alter ethanol consumption with proinflammatory agents generally increasing ethanol intake (Bell et al. 2013; Blednov et al. 2011; Blednov et al. 2012 ); however, the present studies specifically identified that IL-10 administration blunts ethanol consumption and corresponding BECs. Importantly, IL-10 reduced BECs below the binge threshold of 80 mg/dL that is associated with so many of the problems of alcohol misuse (NIAAA 2004; Sacks et al. 2015) . These studies also indicate a central pharmacological role of immunomodulators rather than as secondary effects of peripheral actions. The ability of IL-10 to modulate ethanol consumption was specific to the BLA, much like IL-1 receptor antagonism (Marshall et al. 2016a) . Intra-BLA IL-10 administration did not affect other caloric-rewards or inhibit locomotor activity. Moreover, the dose used in these studies did not affect anxiety-like measures although others have shown that IL-10 can be anxiolytic. The specificity of intra-BLA IL-10 to ethanol consumption and lack of effects in other behavioral correlates is promising when considering therapeutic agents.
The mechanism of action by which IL-10 reduced bingelike drinking is unknown given the current studies. Although IL-10 does not independently modulate glutamatergic signaling (Bachis et al. 2001) , IL-10 can inhibit the production of pro-inflammatory cytokines like IL-1β and IL-6 (Thompson et al. 2013) . Previous studies show that inhibiting IL-1 signaling reduces both ethanol consumption and ethanol-induced glutamatergic signaling (Bajo et al. 2015a; Bajo et al. 2015b; Marshall et al. 2016a) . Reduced IL-6 expression can also inhibit the ethanol associated depression of excitatory signaling potential (Hernandez et al. 2016) . Given that both IL-6 and IL-1 modulate ethanol depression of excitatory signaling and their production is altered by IL-10, it is perceivable that IL-10 indirectly reduces glutamatergic signaling mimicking the actions of acute alcohol and therein reduces binge-like drinking (Kalk and Lingford-Hughes 2014; Lovinger et al. 1989 ). More directly, recent evidence suggests that IL-10 regulates GABAergic transmission and that IL-10 can ameliorate alcohol-induced deficits in the loss of righting reflex (Suryanarayanan et al. 2016) . Regardless of the mechanism, this study concurs with many that the neuroimmune system modulates ethanol consumption, specifically that the promotion of an anti-inflammatory state, like the central IL-10 administration used herein, reduces ethanol consumption.
Regulation of the immune system is a recurring issue in various pathologies and has been a concern for behavioral correlates for some time (Kelley and McCusker 2014) . This study highlights the impact of experimental, albeit problematic, binge-like ethanol drinking on cytokine dysregulation. The persisting nature of reduced IL-10 within the amygdala is not specified herein, but these data do argue that, acutely, IL-10 modulates binge-like ethanol consumption. Moreover, IL-10 disruption is specific to the brain, and its effects are mediated centrally, specifically within the BLA. In summary, these studies suggest that therapies that promote an anti-inflammatory milieu in the CNS, especially those that promote the production of IL-10, may be effective in AUD treatment.
